Introduction {#S0001}
============

Since the discovery of penicillin, during the 60 years of the antibiotic golden era, pharmaceutical companies fueled large-scale production of a wide variety of biologically active compounds.[@CIT0001] The increased and inappropriate global use of these antibiotics has induced a selective stress on microorganisms, pushing them to adapt to higher concentrations of antibiotics and leading to the emergence of resistant bacterial strains such as the ESKAPE pathogens,[@CIT0002] a group of very difficult to treat microorganisms that include: the *Enterococcus, Staphylococcus, Klebsiella, Acinetobacter, Pseudomonas* and *Enterobacter* resistant strains. This problem has worsened within the last decade due to faster pathogenic bacteria adaptation and a decreased number of new antibiotics being produced down the pipeline.[@CIT0003],[@CIT0004] Antibiotic-resistant *Staphylococcus aureus* and *Pseudomonas aeruginosa* are two pathogens with relevant clinical impact. Both strains have the ability to attach to surfaces and produce biofilms, which confers them up to 1,500 fold more resistance and tolerance to antimicrobial compounds and physical stress when compared to their planktonic state.[@CIT0005]--[@CIT0007] Infections, where biofilms are present, are very difficult to treat since they act as a constant infection source that periodically releases planktonic bacteria. Moreover, these biofilms can be found on wet, damp and even dry surfaces, representing a serious problem in medical devices related infections since the bacteria can widely spread in ortho-dental prosthetics, contact lenses, cardiovascular valves, urinary catheters, pacemakers and breast implants.[@CIT0005],[@CIT0008] It has been estimated that biofilm producing bacterial strains are responsible for more than 65% of the nosocomial infections and up to 80% of occasional infections.[@CIT0009] A challenging approach to biofilm eradication is the discovery or innovation of novel potent antibiofilm compounds. Recently, there has been a growing interest to explore the antibiofilm properties of exopolysaccharides (EPS) and glyco-compounds due to their biochemical structure and their biological applications[@CIT0010] Polysaccharides commonly found outside the cell are known as EPS and some of these compounds have been reported to display interesting features, such as a capacity to inhibit growth and biofilm production in some microorganisms.[@CIT0011] This biological activity is due to the ability of EPS to modify biotic and abiotic surfaces, therefore decreasing the ability of microorganisms to attach onto different surfaces.[@CIT0011]--[@CIT0014] Therefore, EPS produced in different microorganisms propose a promising alternative as antibiofilm and antibiotics agents for the industrial and medical sector.

Transition metals species are among the most studied alternative antimicrobial agents.[@CIT0015],[@CIT0016] Specifically, silver compounds have been widely used as antimicrobial agents since ancient times. Nonetheless, it is not the only transition metal that has been explored as an antimicrobial agent: zinc[@CIT0017]--[@CIT0020] and nickel[@CIT0021],[@CIT0022] compounds have been shown to also exhibit antimicrobial activity. However, one of the main limitations to employ these compounds as therapeutic agents is their high toxicity to eukaryotic cells. To overcome the cytotoxicity drawbacks of using transition metals, proper combinatorial formulations with other antimicrobial agents have been proposed.[@CIT0023],[@CIT0024] As an additional alternative to eliminate toxicity of transition metals in eukaryotes, the use of biopolymer-metal nanoparticle (NP) biocomposites has been proposed since there are reports where the toxicity can be reduced using this approach. These biocomposites are mostly produced through green synthesis methods, eliminating the use of toxic chemicals and allowing their use in pharmaceutical and biological applications.[@CIT0025] Typical capping agents employed on NP synthesis are: long-chain hydrocarbons, polymers, block co-polymer and green capping agents. For instance, the usage of heteroatom-functionalized long-chain hydrocarbons has a significant contribution in the control of size and morphology monodispersity, but due to the complexity to remove these heteroatoms before their employment on industrial purposes, their implementation is economically unfavorable.[@CIT0026] Recently, microbial EPS have been used in the synthesis of a variety of metallic NPs as capping agents,[@CIT0027]--[@CIT0031] since they are biocompatible, non-toxic and easily biodegradable. Using microbial EPS in the synthesis of biocomposites allows scalability and decreased production costs, time reduction in the synthesis and increased safety.[@CIT0032]--[@CIT0035]

In this work, we hypothesized that microbial EPS produced in *Rhodotorula mucilaginosa*, an autochthonous strain from the Mexican northeast, could act as a capping agent in the synthesis of biopolymer Zn and Ni NP biocomposites, as it has not been reported for EPS produced by this microorganism. We obtained Zn and Ni NPs that were characterized through UV-Vis spectrometry, FT-IR and TEM. The Zn and Ni NPs in the biocomposite had an average size of 8 and 26 nm, respectively. Ni-EPS biocomposites were capable of inhibiting resistant strains of *Pseudomonas aeruginosa* (PaR) and *Staphylococcus aureus* (SaR) at 2 and 3 mg/mL, respectively. Zn-EPS biocomposites were capable of inhibiting resistant *Staphylococcus aureus* at 1 mg/mL. Furthermore, Ni-EPS biocomposites inhibited biofilm formation in up to 90% in both clinical strains at the inhibitory concentrations. Also, there was no toxicity effect, as renal function was similar in the control and the treatments, in the in vivo assays made with male rats tests in this study at a concentration of 24 mg/kg of body weight.

Materials and methods {#S0002}
=====================

EPS extraction from rhodotorula mucilaginosa culture {#S0002-S2001}
----------------------------------------------------

EPS was produced by inoculating with *R. mucilaginosa* 5 mL of Yeast Mold medium (YM) and incubated for 16 h at 30°C. From this overnight culture, 1 mL was transferred to 300 mL of fresh YM to incubate for 96 h at 30°C and 150 rpm. After the incubation time, the supernatant was recovered by centrifugation at 12000 rpm for 20 min at 4°C. The EPS was precipitated adding 3 volumes of absolute ethanol per volume of supernatant and stored at −20°C overnight. The precipitated EPS was centrifuged at 12000 rpm for 20 min at 4°C and washed three times with ethanol. The EPS samples were dried in a concentrator SpeedVac SPD2010, for a run time of 5 h at 5.1 torr, heating for 1 h at 45°C.

Synthesis of EPS-metal NPs {#S0002-S2002}
--------------------------

Metal NP-EPS biocomposites were synthesized by reducing zinc or nickel sulfate (Productos Químicos Monterrey, México) with ascorbic acid (Jalmek, México) in the presence of the microbial EPS which served as a capping agent in the synthesis. For the synthesis of the Zn-EPS biocomposites, a mixture of 100 mM ZnSO~4~, 2 mg/mL of EPS and 10% w/v ascorbic acid was adjusted to pH 9 with NaOH (Jalmek, México) and heated in a boiling water bath for 30 min. For the synthesis of the Ni-EPS biocomposites, a mixture of 10 mM NiSO~4~, 5 mg/mL of EPS and 4% w/v ascorbic acid was adjusted to pH 9 with NaOH and heated in a boiling water bath for 4 h. K~2~SO~4~ (Jalmek, México) was used to have a control mixture where no metal was included; this control was prepared to have the same concentration of EPS and ascorbic acid as in the Zn or Ni reaction. The synthesized solution was then added into three volumes of absolute ethanol and stored at −20°C for 1 h. Further, the mixture was centrifuged at 12000 rpm for 15 min at 4°C and washed three times with ethanol at 70%. The NPs were dried in a concentrator SPD2010 SpeedVac (ThermoFischer Scientific, USA) for a run time of 5 h at 5.1 torr, heating for 1 h at 45°C.

Material characterization {#S0002-S2003}
-------------------------

A Multiskan-GO (Thermo Scientific, USA) in the range of 200--800 nm was used to perform UV-Vis spectrophotometry and to identify the surface plasmon resonance (SPR) of the metal NPs within the biocomposites. An IRAfinity-1 (Shimadzu, Japan) was employed to perform Fourier transform-infrared spectroscopy (FTIR) analysis to characterize functional groups of the EPS and the synthesized NPs within the biocomposite. Morphological and structural characteristics of the Zn-EPS biocomposites were studied using transmission electron microscopy (TEM) and selected area electron diffraction (SAED) in a FEI-TITAN 80--300 microscope operated at an accelerating voltage of 300 kV. The specimen for these studies was prepared by depositing and evaporating a drop of the colloidal solution (1 mg/mL), previously dispersed by means of an ultrasonic cleaner (BRANSONIC, Branson 2510MT), onto lacey carbon-coated copper grids. The elements present in the samples were determined using an energy dispersive spectrometry analyzer (EDS) integrated in the TEM. In relation to the particle size, TEM images were used to measure the diameter of more than 100 NPs to estimate the size distribution of our NPs using the image processing software ImageJ (National Health Institute). A Nanotrac wave (Microtrac, USA) was used to determine zeta potential values of the synthesized NPs.

Bacterial growth inhibition by EPS capped NPs {#S0002-S2004}
---------------------------------------------

Minimal inhibitory concentration (MIC) was assessed in 96-well plates (Costar-Corning) based on a modified methodology previously reported.[@CIT0023] Stocks of Zn- and Ni-NPs were prepared at a final concentration of 8 mg/mL using LB adjusted to pH 7 with phosphate buffer 0.1 M (LB) as the vehicle. For each metal-EPS biocomposite, we added a bacteria inoculum and the necessary LB volume to each well to achieve different concentrations of the metal-EPS biocomposite; these concentrations varied between 4, 3, 2 and 1 mg/mL after the bacteria inoculum is added.

To inoculate each test well in the MIC assay, an overnight culture (20 h of culture incubated at 37°C -- 150 rpm) in LB for each strain, resistant *Pseudomonas aeruginosa (PaR)* and resistant *Staphylococcus aureus (SaR)*, were diluted 1:100 in fresh LB medium and incubated until it reached a critical optical density (OD~600~ of 0.2±0.02). Thereon, a 1:20 dilution was made with fresh LBb medium, and then 20 µL of this dilution was added to each test well to achieve a final concentration of 10[@CIT0005] cells/mL, following incubation at 37°C and 150 rpm.

After 20 h of incubation at 37°C, the ODs of the control and the treated samples were measured. We next determined the MIC for each EPS-capped NP corresponded to the concentration at which no significant growth was observed (OD~600~\<0.05). All tests and their respective control samples were performed in triplicates.

Antibacterial mechanism of EPS-capped NPs {#S0002-S2005}
-----------------------------------------

Antimicrobial mechanisms of the synthesized composites were explored by measuring the leakage of intracellular reducing sugars. Both bacterial strains were analyzed by this assay. For each compound, we added the necessary volume of biocomposite to achieve 3 mg/mL in every test well once the inoculum was added. To inoculate each test well, we proceeded as specified in the bacterial growth inhibition assay and incubated at 37°C and 150 rpm for 4 h.

After the incubation time, the plates were centrifuged at 3500 rpm for 15 min, and then 5 µL of supernatant were used to determine reducing sugars by Miller's method[@CIT0036]

Inhibition of biofilm formation by EPS-capped metal NPs {#S0002-S2006}
-------------------------------------------------------

The antibiofilm assays were performed by exposing bacteria to different concentrations of the metal-EPS biocomposites in 96-well plates. Antibiofilm activity was analyzed by a crystal violet staining microtiter biofilm formation assay.[@CIT0037] Different concentrations of the EPS-capped Zn and Ni NPs, and EPS alone were added to each well as follows: 1, 2, 3 and 4 mg/mL. A control culture without treatment was grown in the same plate. Each well was inoculated with a final concentration of 105 cells/mL, incubated at 37°C for 40 hrs under static conditions.

After the incubation time, the supernatant was removed, and each well was washed 3 times with ultrapure water. The plates were heat dried and each well was stained with 240 µL of crystal violet 0.1% for 20 min under static conditions. Next, the dye was removed, and each plate was washed 3 times with ultrapure water and heat dried. Biofilms were de-stained using an ethanol 99% solution for 30 min under static conditions. 100 µL of the ethanol/crystal violet were transferred to another plate and the optical density was measured at 590 nm. All tests, as well as the untreated control, were performed in triplicates.

In vivo toxicological study {#S0002-S2007}
---------------------------

### Animals {#S0002-S2007-S3001}

Male adult Wistar rats (200--250 g) were used and maintained in stainless steel cages with a 12 h light/dark regime. All of the experimental animals were handled according to the Guiding Principles in the Use of Animals in Toxicology*.*

### Experimental design {#S0002-S2007-S3002}

To test the safety of the Zn and Ni NPs, as well as the safety of EPS produced in this study, a renal toxicology study was performed in male Wistar rats. Briefly, after anesthetizing the animals with isoflurane, 4 groups of animals (control, EPS, Ni NPs and Zn NPs, with n=4 in all groups) were exposed to the metal-EPS biocomposite and the EPS alone by orally administrating 1 mL of the metal-EPS biocomposite or the EPS alone at concentrations of 6 mg/mL. For the case of the control group, 1 mL of the phosphate buffer 0.1 M was administered orally to the animals. The dosing regime was one administration of the buffer, NPs and EPS during each 24 h for 3 days. During all experiments, the rats were kept with food and water *ad libitum* and at room temperature (24±1°C). After 24 hrs of the third day of dosing, urine samples were obtained placing the rats in metabolic cages (3700M020; Tecniplast, Buguggiate (VA), Italy) where urine is collected in vessels attached to the metabolic cages. Blood samples were also obtained to finally sacrifice the experimental animals.

### Biochemical tests {#S0002-S2007-S3003}

To analyze the renal function of the animals exposed to the NPs and EPS, urinary volume, urinary concentration of glucose,[@CIT0038] proteins[@CIT0039] and creatinine,[@CIT0040],[@CIT0041] as well as blood plasma concentration of creatinine[@CIT0040],[@CIT0041] was measured with their respective methods by means of UV-VIS spectrophotometer (DMS 80; Varian, Palo Alto, CA, USA).

Data analysis {#S0002-S2008}
-------------

To estimate the significance of the observed differences between the treatments employed, all collected data were subjected to an analysis of variance (ANOVA) and Fisher's least significant difference (LSD) tests, using Microsoft Excel 2016.

 {#S0002-S2009}

Ethics approval and informed consent

Animal care and experimentation practices at the Universidad Autónoma de Aguascalientes are constantly evaluated by the Animal Care and Use Committee, adhering to the official Mexican Regulations (NOM-062-ZOO-1999). Mexican regulations are in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the NIH and the Weatherall Report of the USA to ensure compliance with established international regulations and guidelines. Experimental protocols were approved by the local Institutional Bioethical Committee. At the end of experiments, animals were sacrificed by using an excess of sodium pentobarbital anesthesia (40 mg/kg bw). Efforts were made to minimize suffering.

Results {#S0003}
=======

Exopolysaccharide extracted from rhodotorula mucilaginosa UANL-001L {#S0003-S2001}
-------------------------------------------------------------------

After incubating *R. mucilaginosa* cultures for 96 h at 30°C, EPS was produced with a yield of 413.9 mg/mL. The EPS was characterized by FTIR and as displayed in [Figure 1](#F0001){ref-type="fig"} the peaks show a broad band at 3600--3200 cm^−1^, 2900 cm^−1^, 1650 cm^−1^, 1420 cm^−1^, 1350 cm^−1^ and various peaks around 1050--1250 cm^−1^, as reported in the literature.[@CIT0042]Figure 1Comparison of FTIR spectra of EPS before and after metal reactions. Black line corresponds to EPS as used for the reactions. Blue line corresponds to EPS with the synthesized Zn nanoparticles. Green line corresponds to EPS with the synthesized Ni nanoparticles.**Abbreviations:**FTIR, Fourier transform-infrared spectroscopy; EPS, exopolysaccharides.

Zn and Ni NPs synthesis and characterization {#S0003-S2002}
--------------------------------------------

The metal-EPS biocomposites were produced in aqueous solution, adjusted with NaOH to pH 9, containing *R. mucilaginosa* EPS as capping agent and ascorbic acid as a reducing agent. The biocomposites were characterized using UV-Vis spectrophotometry and the spectra are shown in [Figure 2](#F0002){ref-type="fig"}. It can be observed that the maximum absorption is at 347 nm and 348 nm for Zn- and Ni-EPS biocomposites, respectively. EPS, Zn(II) and Ni(II) solutions at concentrations used in the synthesis, as well as reactions made without Zn(II) and Ni(II), are shown in [Figure 2](#F0002){ref-type="fig"} as a comparison with the produced NPs. FTIR of the synthesized metal-EPS biocomposite was also performed and the results in [Figure 1](#F0001){ref-type="fig"} show that no new peaks appear after the reaction to synthesize the capped NPs. The Zn-EPS biocomposite showed peaks at 3600--3200 cm^−1^ for O--H, 1600 cm^−1^ for C=O stretch, 1450--1400 cm^−1^ to C--H bending, 1300--1350 cm^−1^ to C--O stretch and 1050--1250 cm^−1^ to C--O--C of sugar derivates. NiNPs showed peaks at 3600--3200 cm^−1^ for O--H, 1600 cm^−1^ for C=O stretch, 1450--1400 cm^−1^ to C--H bending, 1300--1350 cm^−1^ to C--O stretch and 1020--1250 cm^−1^ for C--O--C in sugar derivates.Figure 2UV-Vis spectra of the EPS and the synthesized nanoparticles. Black line represents the EPS as used before reactions, light blue line represents the Zn nanoparticles synthesized, dark blue line represents the Zn(II) ions at concentration used in the synthesis reaction, the light green line represents the Ni nanoparticles synthesized, dark green line represents the Ni(II) ions at concentration used in the synthesis reaction and the gray line represents the sample media.**Abbreviation:**EPS, exopolysaccharides.

TEM images of the metal-EPS biocomposites demonstrate that, for the Zn-EPS biocomposite, there is a polymorphic arrangement without definite shape ([Figure 3A](#F0003){ref-type="fig"}). The ZnNPs have a diameter size that ranges from 4 to 11 nm with an average size of 8.32±1.99 nm. A SAED pattern of the Zn-EPS biocomposite presented bright rings and spots that are correlated to the \[1,0,0\], \[0,0,2\], \[1,0,1\], \[1,1,0\], \[1,0,3\], \[2,0,0\], \[1,1,2\], \[2,0,1\], \[2,1,0\], \[3,0,0\] and \[2,1,3\] planes of a hexagonal geometry in ZnO ([Figure 3B](#F0003){ref-type="fig"}). Further characterization of the EPS-capped ZnNPs by EDS analysis demonstrates the presence of Zn, C and O, thus confirming the presence of ZnNPs in the metal-EPS biocomposite ([Figure 3C](#F0003){ref-type="fig"}). The TEM images of the Ni-EPS biocomposite ([Figure 4A](#F0004){ref-type="fig"}) displays, similar to the Zn-EPS biocomposite, a polymorphic arrangement of the capped NPs. These Ni-NPs have a diameter size that ranges from 17 to 52 nm with an average size of 26.73±8.99 nm. A SAED pattern of the EPS-capped NiNPs showed bright rings and spots that correlate to the \[1,0,1\] plane of a rhombohedral geometry in NiO ([Figure 4B](#F0004){ref-type="fig"}). EDS analysis of this Ni-EPS biocomposite demonstrated the presence of Ni, C and O, confirming the presence of these elements in the biocomposite ([Figure 4C](#F0004){ref-type="fig"}). Taking a total reduction of Zn(II) ions, the Zn:EPS ratio in a solution of 1 mg/mL is 0.105:0.895 mg. Taking a total reduction of Ni(II) ions, the Ni:EPS ratio in a solution of 1 mg/mL is 0.766:0.234 mg. The zeta potential of the synthesized NPs was −84.3, −8.6 and −76.1 mV for Zn-EPS, Ni-EPS and EPS alone, respectively.Figure 3TEM analysis of the synthesized Zn nanoparticles. (**A**) TEM micrography of Zn nanoparticles in the EPS matrix. (**B**) SAED pattern of the synthesized Zn nanoparticles. (**C**) Elemental composition of the ESP capped Zn nanoparticles.**Abbreviations:**EPS, exopolysaccharides; TEM, transmission electron microscopy; SAED, selected area electron diffraction.Figure 4TEM analysis of the synthesized Ni nanoparticles. (**A**) TEM micrography of Ni nanoparticles in the EPS matrix. (**B**) SAED pattern of the synthesized Ni nanoparticles. (**C**) Elemental composition of the ESP capped Ni nanoparticles.**Abbreviations:** EPS, exopolysaccharides; TEM, transmission electron microscopy; SAED, selected area electron diffraction.

Antimicrobial and antibiofilm activity of EPS-capped metal NPs {#S0003-S2003}
--------------------------------------------------------------

We tested antimicrobial and antibiofilm properties at different concentrations of the synthesized biocomposites. In SaR assays treated with the synthesized NiNPs, we found more than 90% of growth inhibition with 3 and 4 mg/mL, up to 80% of growth inhibition was achieved with 2 mg/mL of these NPs and only 20% of inhibition was seen when treated with 1 mg/mL ([Figure 5A](#F0005){ref-type="fig"}). Every treatment with NiNPs showed a significant difference (*p*\<0.05) when compared with the untreated control and EPS alone at the same concentration. However, inhibition caused by the treatment with 3 and 4 mg/mL showed no significant difference (*p*\<0.05) between them ([Figure 5A](#F0005){ref-type="fig"}). When SaR was treated with the synthesized ZnNPs, we found more than 70% of growth inhibition at the concentrations used in this work. The detailed growth inhibition was of 90%, 80%, 70% and 80% with 1, 2, 3 and 4 mg/mL ZnNPs, respectively. Every treatment showed significant difference (*p*\<0.05) when compared with the untreated control and the samples treated with EPS alone at the same concentration. Only the assay treated with 3 mg/mL showed significant difference (*p*\<0.05) from the concentrations used. When comparing the NiNPs and ZnNPs treatments, only at a concentration of 2 mg/mL there was no significant difference (*p*\<0.05) in the growth inhibition, when compared to that of the control.Figure 5Antimicrobial activity of EPS-capped metal nanoparticles against antibiotic-resistant strains. Growth percentage of bacteria treated with different concentration of metal nanoparticles. (**A**) Effect of the EPS and EPS-capped nanoparticles against SaR. (**B**) Effect of EPS and EPS-capped nanoparticles against PaR*. a* shows significant difference from untreated control. *b* shows significant difference from EPS at the same concentration. *c* shows significant difference from NiNPs at the same concentration. *d* shows significant difference from ZnNPs at the same concentration. Error bars show standard deviation. Every experiment was carried out with replicates of three.**Abbreviation:**EPS, exopolysaccharides.

In PaR assays treated with the synthesized NiNPs, we found more than 90% of growth inhibition when treated with concentrations of 2, 3 and 4 mg/mL and more of 50% of growth inhibition when treated with 1 mg/mL ([Figure 5B](#F0005){ref-type="fig"}). Each of the treatments showed significant difference (*p*\<0.05) from the untreated control and the EPS alone at the same concentration. There was no significant difference (*p*\<0.05) between the growth inhibition caused by the treatment at 2, 3 and 4 mg/mL. On the other hand, the treatments with ZnNPs showed a different behavior than the one exhibited in the assay against *SaR*. We found around 50% of growth inhibition when used at 1 and 2 mg/mL, but no inhibition was found at higher concentrations ([Figure 5B](#F0005){ref-type="fig"}). Only the treatment with 3 mg/mL had no significant difference (*p*\<0.05) with the untreated control, but every treatment has significant difference (*p*\<0.05) with the EPS used at the same concentration. When comparing the inhibition caused by the different NPs, no significant difference (*p*\<0.05) was found when used at 1 mg/mL.

Different concentrations of the extracted EPS and the EPS-capped metal NPs were tested as antibiofilm agents. In the *SaR* assays treated with the synthesized NiNPs, the biofilm formation was inhibited up to 80% and 90% when a concentration of 3 and 4 mg/mL was used, respectively ([Figure 6A](#F0006){ref-type="fig"}). These two treatments showed significant difference (*p*\<0.05) with the untreated control and the EPS alone. When treated with either the extracted EPS or the synthesized ZnNPs, no biofilm inhibition (*p*\<0.05) was found and increased production was observed. When comparing the biofilm inhibition caused by the different NPs, a significant difference (*p*\<0.05) was found at every concentration used.Figure 6Antibiofilm activity of EPS-capped metal nanoparticles against antibiotic-resistant strains. Biofilm formation percentage of bacteria treated with different concentration of metal nanoparticles. (**A**) Effect of the EPS and EPS-capped nanoparticles against SaR. (**B**) Effect of EPS and EPS-capped nanoparticles against PaR*. a* shows significant difference from untreated control. *b* shows significant difference from EPS at the same concentration. *c* shows significant difference from NiNPs at the same concentration. *d* shows significant difference from ZnNPs at the same concentration. Error bars show standard deviation. Every experiment was carried out with replicates of three.**Abbreviation:**EPS, exopolysaccharides.

In the PaR antibiofilm assays, performed with the synthesized NiNPs, we found more than 90% of inhibition when treated with 2, 3 and 4 mg/mL with no significant difference (*p*\<0.05) between them. Only the bacteria treated with 1 mg/mL showed no significant difference (*p*\<0.05) with the untreated control. On the other hand, an increased biofilm production was observed when the bacteria was treated with the synthesized ZnNPs; similar results were observed for the assays against SaR. No significant (*p*\<0.05) biofilm inhibition was found when treated with EPS alone. The treatments with NiNPs at 2, 3 and 4 mg/mL showed significant difference (*p*\<0.05) with the extracted EPS at the same concentrations.

Antibacterial mechanism of EPS-capped NPs {#S0003-S2004}
-----------------------------------------

To understand the antimicrobial effects of the EPS-capped NPs, we treated the strains with each synthesized composite in order to measure leakage of intracellular compounds; such is the case of reducing sugars. Considering the untreated control as 0% of leaked sugars, when treating SaR with each composite we observed a general increased percentage of reducing sugars in the media for all of the EPS NP treatments. The increased percentages observed were 27.69%, 15.74% and 4.34% when using NiONPs, ZnONPs and EPS, respectively ([Figure 7](#F0007){ref-type="fig"}). When treating PaR with each composite, we observed similar results; the generalized increment in the media was 27.63%, 22.85% and 14.88% using NiONPs, ZnONPs and EPS treatments, respectively ([Figure 7](#F0007){ref-type="fig"}). For both strains and in both treatments with the EPS-capped NPs, the results show significant differences (*p*\<0.05) when compared with the untreated control; moreover, the EPS treatments in both strains showed no significant difference when compared to the control.Figure 7The effect of EPS-capped NiO, ZnO composites on the membrane leakage of reducing sugars to the culture media. Percentage increment of leaked reducing sugars to the culture media of SaR and PaR caused by the exposure of both synthesized composites and EPS at 3 mg/mL, and comparing to an untreated control. Error bars show standard deviation. \* indicates significant difference (*p*\<0.05) compared to the untreated control. Every experiment was carried out with replicates of three.**Abbreviation:**EPS, exopolysaccharides.

*In vivo* toxicological study {#S0003-S2005}
-----------------------------

Oral treatment with EPS, Ni and Zn NPs was performed to test the toxicity of the synthesized EPS-capped metal NPs. For the toxicity study, different parameters of renal function were evaluated, including urinary volume, urinary concentrations of proteins, glucose and creatinine, as well as blood concentrations of creatinine. [Figure 8](#F0008){ref-type="fig"} shows that in the urinary volume ([Figure 8A](#F0008){ref-type="fig"}), glucose ([Figure 8B](#F0008){ref-type="fig"}) and proteins ([Figure 8C](#F0008){ref-type="fig"}) there is no significant difference (*p*\<0.05) between the control, EPS and NPs-treated groups. Similarly, the EPS and NPs groups showed statistical similarity (*p*\<0.05) in the creatinine concentrations in both urine and plasma ([Figure 8D](#F0008){ref-type="fig"} and E, respectively) with the untreated control group.Figure 8Parameters of renal function of Wistar rats treated with EPS-capped Ni and Zn nanoparticles. Test was performed treating rats with 6 mg/mL of buffer (control), EPS, NiNPs and ZnNPs. (**A**) urinary volume, (**B**) glucose, (**C**) total proteins, (**D**) urinary creatinine and (**E**) plasma creatinine. Error bars show standard deviation. Every experiment was carried out with replicates of three.**Abbreviation:**EPS, exopolysaccharides.

Finally, no differences were observed in the appearance and behavior between the treated and untreated animals.

Discussion {#S0004}
==========

Exopolysaccharide extracted from Rhodotorula mucilaginosa UANL-001L {#S0004-S2001}
-------------------------------------------------------------------

FTIR analysis of the EPS ([Figure 1](#F0001){ref-type="fig"}) shows a broad band between 3600 and 3200 cm^−1^, wavenumber that has been ascribed to O--H functional groups in alcohols. A band at 2900 cm^−1^ is also shown and it is related to the stretch of CH~3~. The band that appears at 1650 cm^−1^ is attributed to a C=O stretch[@CIT0043] The bands around 1420 cm^−1^ are linked to the C--H bending in backbones of carbohydrates. The weak band at 1350 cm^−1^ is related to carboxyl groups. The bands around 1250--1050 cm^−1^ have been related to stretching vibration of C--O--C in sugar derivates[@CIT0044] Altogether, these results suggest that the synthesized EPS contains mainly saccharides and carboxylates, as we have previously reported[@CIT0042]

EPS-capped Zn and Ni NPs synthesis and characterization {#S0004-S2002}
-------------------------------------------------------

A color change was observed after the redox reaction between the different transition metal salts and ascorbic acid, in the presence of EPS. The products from the reactions were analyzed using UV-Vis spectroscopy. The UV-Vis spectra displayed SPR characteristic absorption peaks ([Figure 2](#F0002){ref-type="fig"}) with maximums at 347 and 348 nm for the reactions containing Zn and Ni, respectively. These results demonstrate evidence that there is NPs synthesis since SPR UV-Vis absorption peaks for ZnNPs (ZnO) and NiNPs (NiO) have been observed at a range between 334--375 nm[@CIT0045]--[@CIT0047] and 320--360 nm,[@CIT0048]--[@CIT0050] respectively. Furthermore, the UV-Vis spectra of a Zn(II) solution and that of a Ni(II) solution, at the same concentrations used for the NP synthesis, showed no absorption peak at those wavelengths. Moreover, Ni[@CIT0002]+ has a strong absorption peak around 400 nm and two more around 650--750 nm;[@CIT0051] after the redox reaction, there is a reduction in the absorbance at 400 nm ([Figure 2](#F0002){ref-type="fig"}), suggesting the formation of NiNPs as Ni ions concentration decrease ([Figure 2](#F0002){ref-type="fig"}).

To further confirm that the EPS functions as a capping agent in the NP synthesis, the samples were analyzed with a FT-IR. As can be observed from [Figure 1](#F0001){ref-type="fig"}, there are no new peaks observed in the samples after the redox reaction in the presence of EPS; however, wavenumber shifts and attenuation of the intensities of some absorption peak were observed. For both Ni and Zn redox reactions, the C=O peak absorbs at lower wavelength number due to NPs conjugation. Furthermore, C--H bands become weaker which suggests that the NPs have an interaction with the hydrogen bonds in the polysaccharides.[@CIT0027] Similarly, C--O--C bands become weaker but C--O peaks around 1300 cm^−1^ become stronger when compared to the pure EPS before the reactions; these results indicate that some sugars of the EPS are involved in the reduction of the metal ions,[@CIT0052] which in the redox reaction work together with the effect of the ascorbic acid.

The synthesized metal NP composites were also characterized by TEM ([Figure 3A](#F0003){ref-type="fig"}) and SAED. For the ZnNPs, we calculated an average particle size diameter of 8.32 nm. Furthermore, the SAED displays bright diffusive dotted rings which identify the \[1,0,0\], \[0,0,2\], \[1,0,1\], \[1,1,0\], \[1,0,3\], \[2,0,0\], \[1,1,2\], \[2,0,1\], \[2,1,0\], \[3,0,0\] and \[2,1,3\] planes ([Figure 3B](#F0003){ref-type="fig"}). These planes correspond to a hexagonal geometry in ZnO NPs (JCPDS No. 36--1451).[@CIT0045],[@CIT0052],[@CIT0053] Furthermore, EDS confirmed the presence of Zn and organic compounds in our metal NP composites ([Figure 3C](#F0003){ref-type="fig"}). The organic compounds found in the EPS and the Zn from the NPs. Similar characterization was performed of the Ni NP composites with TEM and SAED; we calculated an average particle size diameter of 26.73 nm, and the SAED results showed ([Figure 4B](#F0004){ref-type="fig"}) two strongly diffusive rings, and just one dot ring; this allowed the \[1,0,1\] plane to be identified. This plane corresponds to a rhombohedral geometry NiO NPs (JCPDS No. 44--1159).[@CIT0054],[@CIT0055] By EDS ([Figure 4C](#F0004){ref-type="fig"}) we observed the presence of Ni as well as other organic compounds that correlate to those found in EPS. In both EDS samples, Cu appears due to the fact that the samples are analyzed on top of a copper grid. For both samples, bright diffusive rings in SAED patterns were found; as part of the amorphous EPS structure, these rings can be found in amorphous materials, and the diffraction rings found in our samples are characteristic of polycrystalline materials.[@CIT0056]

Antimicrobial and antibiofilm activity of EPS-capped metal NPs {#S0004-S2003}
--------------------------------------------------------------

NPs have a wide array of biomedical applications. Many different metal NPs such as TiO~2~, Ag, ZnO, CuO, MgO, etc. have been reported as potential antimicrobial agents.[@CIT0057] Moreover, EPS have different effects in bacterial growth, which depends on the functional groups it presents in their backbone. These effects of EPS on bacterial growth can be antagonistic[@CIT0058] productive or neutral[@CIT0059] and their effects also depend on the bacterial strain. Here we tested the antimicrobial activity of the synthesized NPs capped in the EPS matrix against two relevant clinical pathogenic strains, a resistant Gram-positive *Staphylococcus aureus* and a resistant Gram-negative *Pseudomonas aeruginosa*. We previously showed that the EPS has no inhibitory effect against the clinical strains used in the current work, but the EPS-capped NiNPs metal nanocomposites were capable of inhibiting, in a dose-response manner, both bacterial strains; PaR*and*SaR at 2 and 3 mg/mL, respectively. Inhibitory effect of Ni ions, Ni- and NiO have been compared against oral infecting bacteria and the results show that Ni NPs had the lowest effective antimicrobial activity among the mentioned agents.[@CIT0060] However, here we demonstrate that the metal NP composite containing NiO NPs showed better antimicrobial activity than EPS alone, against both Gram-positive and Gram-negative bacteria ([Figure 5](#F0005){ref-type="fig"}), inhibiting up to 99% at 3 and 2 mg/mL, respectively. These effects, where the composite exhibits a higher inhibition when compared to the polymer alone, have been observed for other metal-polymer compounds;[@CIT0061] this effect has been suggested to be a surfactant effect from the EPSs[@CIT0062] A very similar effect was observed in regard to the antimicrobial activity of EPS-capped Zn NPs ([Figure 5](#F0005){ref-type="fig"}), where we demonstrated different inhibitory capacity according to each strain. This EPS nanocomposite was capable of inhibiting up to 90% of the SaR population at 1 mg/mL but only 50% of inhibition when used against PaR at the same concentration. Metal NPs have different activity against bacteria depending on the size and capping agent, due to their well-known difference cell wall composition.[@CIT0063]--[@CIT0068] Accordingly, we observed that the NPs synthesized in this work showed different activity against Gram-positive and Gram-negative bacteria. ZnO-EPS composite showed more activity against Gram-positive bacteria than NiO-EPS composite, and NiO-EPS composite showed more activity against Gram-negative bacteria than ZnO-EPS composite.

As mentioned above, an interesting feature of some microbial EPS is their potential use as antibiofilm agents.[@CIT0069] However, the EPS of *R. mucilaginosa* UANL-001L showed no antibiofilm activity against the clinical *P. aeruginosa* strain and an increase in biofilm formation was observed when the clinical *S. aureus* strain was treated with EPS ([Figure 6](#F0006){ref-type="fig"}). This may be related to the multifactorial mechanisms involved in biofilm formation[@CIT0070] When tested against SaR, ZnNPs did not have any antibiofilm activity, contrary to what was expected due to its potent antimicrobial activity. These results agree with some of the literature where ZnO NPs alone displays antimicrobial effects but do not show antibiofilm activity against a variety of strains.[@CIT0071] However, the NiNPs polymer composites displayed very interesting antibiofilm results ([Figure 6](#F0006){ref-type="fig"}). For the case of SaR, samples treated with NiNPs showed a gradual decrease in biofilm production as the composite concentration is increased, inhibiting up to 90% at 3 mg/mL; however, when tested against PaR there is a rapid decrease in biofilm formation from 110% to 4.5% when using 1 and 2 mg/mL of the NiNPs biocomposites, respectively. Both cases showed the same behavior to the antimicrobial tests; thus, the gradual decrease of SaR growth and the rapid inhibition of PaR growth were reported. Against both clinical strains, little production of biofilm was maintained, even when the metal NPs exhibited almost a complete growth inhibition at the same concentration. This kind of behavior was also observed by Saleem et al.[@CIT0072] with NiO NPs. They tested the antimicrobial and antibiofilm activity of green-synthesized NiO NPs against a variety of clinical strains and observed biofilm production even at reported inhibitory concentrations.

Antibacterial mechanism of EPS-capped NPs {#S0004-S2004}
-----------------------------------------

The release of intracellular water-soluble compounds to the culture media has been used to determine the integrity of cell wall when bacteria is exposed to antimicrobial agents. Release of intracellular compounds has been proposed as a possible antimicrobial mechanism of microbial polysaccharides[@CIT0073] and modified polysaccharides[@CIT0074] In the present study, we observed an increased percentage of soluble reducing sugars in culture media after incubation with the synthesized composites using an inhibitory concentration, suggesting that the bacteria membrane could be one of the antimicrobial targets of the synthesized composites. A positive charged particle has more electrostatic interaction with negatively charged cellular membranes,[@CIT0075] but also negative charged particles have been reported to absorb negative compounds as proteins[@CIT0076] As the zeta potential measurements indicate, the synthesized composites have negative charge, but when the NiONPs were synthesized the potential changed from −76.1 to −8.6 mV, suggesting that NiONPs could have positive charge. This could be the reason for the higher antimicrobial activity and leakage of reducing sugars to the media caused by NiO-EPS composite.

*In vivo* toxicological study {#S0004-S2005}
-----------------------------

When testing antimicrobial and antibiotic effects of different compounds, it is necessary to assess that the therapeutic compounds do not disrupt appropriate functioning of biological activities. In many cases, an assessment on kidney and liver function, after being challenged with the therapeutic, represents a proper first step towards determining the potential and relevance of the compound for biomedical applications. The nephrons are the basic structural and functional units, as they carry out the glomerular filtration, the tubular reabsorption and the tubular secretion.[@CIT0077] Here, we assessed several renal function parameters in urine, such as volume (amount of body fluid), concentration of glucose (associated with tubular function), concentration of total proteins (associated with glomerular filtration and general function of nephrons) and the concentration of creatinine in both plasma and urine (linked with glomerular filtration rate) in the organism.

Several studies have shown toxicity of metal NPs, such as Zn,[@CIT0078] but other studies have shown that metal NPs such as NiNPs are innocuous[@CIT0079] In many cases, the synthesis method is crucial in the toxicity outcome of the NPs and the main purpose of using green synthesis methods is to increase their biocompatibility. In this work, we have purposely used green synthesis methods to decrease the possible toxicity of the synthesized metal polymer nanocomposites. As can be observed in the results in [Figure 8](#F0008){ref-type="fig"}, after a group of rats were treated orally in a three-day regimen with 6 mg/mL (24 mg/kg of body weight) of both EPS NiNPs and ZnNPs composites; all of the parameters showed no significant difference when compared to the control group. This dose is below the LD50 reported for these metal oxide NPs, even below of some NOAEL concentrations of a *Rhodotorula minuta* EPS.[@CIT0080]--[@CIT0083] Thus, the results suggest that the EPS-capped NiO, and ZnO NPs synthesized in this study do not produce any toxic or adverse effect in the nephrons and renal function of the treated animals.

Conclusion {#S0005}
==========

The exopolysaccharide extracted from *Rhodotorula mucilaginosa* UANL-001L culture can be used as a capping agent in the synthesis of Zn and Ni NPs. The synthesized metal NPs were obtained as oxides, *eg* ZnO and NiO NPs. EPS-capped NiO NPs were capable to inhibit more than 90% growth of two clinical strains, a resistant Gram-negative *Pseudomonas aeruginosa* and a resistant Gram-positive *Staphylococcus aureus* at 2 and 3 mg/mL, respectively. These metal NPs were also capable to inhibit the biofilm formation up to 90% of both clinical strains at the inhibitory concentrations. EPS-capped ZnO NPs were capable to inhibit 90% growth of the resistant *Staphylococcus aureus* clinical strain but only up to 50% of the resistant *Pseudomonas aeruginosa* clinical strain. However, the Zn NPs EPS biocomposites had no capacity to inhibit the biofilm formation of any of the clinical strains used in this study. Both composites were capable of increasing the amount of soluble reducing sugars in the culture media, suggesting the bacterial membrane as an antimicrobial target. Furthermore, both of the EPS-capped metal NPs showed no toxic effect *in* vivo. Taken together, our results suggest that EPS-capped NiO NPs can be useful as antimicrobial and antibiofilm agents against clinical strains.
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